Endonuclease VII is a Holliday-structure resolving enzyme of phage T4 which cleaves at junctions of branched DNAs and at mispairings. In extension of these findings we report the following: i) Endonuclease VII can discriminate between a large heteroduplex loop and a TT mismatch arranged in tandem, 6 nt distant from each other, in the same heteroduplex molecule. The enzyme cleaves two nucleotides 3' from the base of the loop or the TT mismatch, ii) Similar to its reactions with mismatches cleavage of heteroduplex loops by endonucleave VII can also initiate correction of perfect double-strandedness by T4 DNA polymerase and T4 DNA-ligase in vitro. Loops of 8 nt and 20 nt were repaired efficiently, iii) For the first time endonuclease VII cleavage sites were also mapped in single-stranded DNA if it was part of the 20-nt loop. This suggests that looping of single-stranded DNA can induce formation of secondary structures, which are recognizable by endonuclease VII.
Introduction
Endonuclease VII is the product of gene 49 of bacteriophage T4 (gp49). The enzyme was the first nuclease shown to resolve Holliday structures in vitro. 1 It is thus the prototype of a new class of DNA debranching enzymes, which were named X-solvases to distinguish them from other endonucleases. Detailed investigations have revealed that the purified enzyme also recognizes many other structural abnormalities in DNA. These included four-way junctions, 4~n three-way junctions, 12 single-strand overhangs, 13 heteroduplex loops, 14 ' 15 mismatches, 15 nicks and gaps, 13 bulky adducts 16 and even curved DNA. 5 Cleavages were always found in double-stranded DNA a few nucleotides 3' from the obstruction. The resultant double-strand breakage was induced by introducing staggered nicks in both strands flanking the target sites. Double-strand breakage, potentially lethal in vivo, could in the case of a CC mismatch be prevented in vitro by including T4 DNA polymerase and T4 DNA ligase in the reactions, thus facilitating complete repair of the mismatch. 15 These results lent further support to the hypothesis that in vivo endonuclease VII may trigger repair of many DNA distortions which might otherwise interfere with DNA packaging and phage maturation.
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Communicated by Dai Ayusawa * To whom correspondence should be addressed. The potential lethality of double-strand breaks prompted us to search for conditions under which nearcoincident opposite strand nicks could be prevented. Using a CC mismatch in a synthetic heteroduplex, we demonstrated in vitro there was a sufficient time lag between the first endonuclease VH-induced nick and any opposite strand-nick for T4 DNA polymerase and T4 DNA-ligase to efficiently correct the mismatch, in fact both removing the first nick and the structure recognized by endonuclease VII. The 3'->5' exonuclease activity of the polymerase removed the mispaired and adjacent nucleotides until it reached the first available stable basepair at which point repolymerization commenced, generating 3-to 4-nt long repair tracts. Resealing by T4 DNA ligase completed the repair. 15 We have now extended these studies, by asking whether endonuclease VII can detect two tandemly arranged structural distortions in the same heteroduplex DNA, and whether large heteroduplex loops can also be repaired in vitro by the three-enzyme system (endonuclease VII, T4 DNA polymerase and T4 DNA ligase). The analyses showed the following: i) Heteroduplex loops of 8 nt or 20 nt in combination with a TT mismatch 6 nt 3' from the bases of the loops are recognized by endonuclease VII as separate targets, ii) The 20-nt loop can be completely removed from a heteroduplex by repair mediated through a combined action of endonuclease VII, T4 DNA polymerase and T4 DNA ligase. iii) A 20-nt single-stranded loopout adopts some secondary structures which are recognized by endonuclease VII and which do not occur in free single strands.
Materials and Methods
Synthesis and purification of oligonucleotides, enzymatic reactions with T4 endonuclease VII, T4 DNA polymerase and T4 DNA ligase and quantifications of reaction products from individual bands in gels were done essentially as described before. 15 Briefly, synthetic oligonucleotides were purified over 10% (w/v) polyacrylamide gels containing 7 M urea, 5' end-labelled and again gelpurified. Reactions with purified endonuclease VII were carried out for 30 min at 37° C in 50 mM Tris-HCI (pH 8.0), 10 mM MgCl 2 and 1 mM dithiothreitol. 24 Analytical denaturing gels, 19 : 1 (w/w) were run in an IBI electrophoresis device at approximately 60° C for 1.5 h at 95W. Gels were autoradiographed at -70°C using XOmat films from Kodak. For quantifications, individual bands were cut out from the polyacrylamide gels, dried for 12 h at room temperature and their radioactive content was determined in a scintillation counter. T4 DNA ligase and T4 DNA polymerase were obtained from Boehringer Mannheim, Germany, and used according to the manufacturer's instructions.
DNA sequencing according to the procedure of Maxam and Gilbert 25 was performed using Hybond™ M & G membranes from Amersham, Braunschweig. The procedure recommended by the manufacturer was followed.
Results and Discussion

Endonuclease VII cleavage of tandem structures
Heteroduplexes are usually made by annealing oligonucleotides together and purifying the reaction products from unreacted materials. To avoid the annealing and purification steps, we have designed quasi-palindromic se-[Vol. 2, quences which fold spontaneously into hairpin structures (Fig. 1) . This sequence, which was used previously 15 was designed to be free from any unprogrammed internal complementarities, which could stably form at 37°C and thereby compete with formation of perfect hairpin structures. We then created loops of 8 nt and 20 nt loop-out structures by inserting appropriate sequences between nucleotides 14 and 15 counted in the upper strand of the standard hairpin (Figs, lb and Id). A TT mismatch was created at the sixth basepair 3' from the loop-out by changing an A into a T (Figs.lc, d) .
For subsequent analyses, all substrates were radiolabelled at their 5' ends and treated with endonuclease VII, and the reaction products were separated on 10% polyacrylamide denaturing gels (Fig. 2a, lanes 1-8) . Fragment sizes were determined by comparing their positions on the gel to the position of a Maxam-Gilbert sequencing ladder from the same hairpin (an example of sizing is shown for the 20-nt loop in Fig. 2b ). Endonuclease VII cleavage sites are indicated by arrows in Fig. 1 . With high concentrations of endonuclease VII (>20 U per standard reaction) some background cleavage of the control homoduplex was apparent ( Figs, la and 2a, lanes 1-4) . In contrast, 1.5 U of Endonuclease VII produced unique cleavages of heteroduplexes (Fig. 2a, lanes 5-8 and 13-20) .
Cleavage sites are summarized for each substrate in Fig. 1 . The patterns of cleavage sites were identical for the 20-nt (Fig. lb) and the 8-nt loop structures (gels not shown). The major incision site 3' from nt 36 is the same as the major site found in hairpins with mismatches and insertions of 1-nt and 4-nt loops reported earlier. 15 With 1.5 U of enzyme 6.5% of substrate was cleaved at this major site compared to 60% with 24 U.
When the 20-nt loop or the 8-nt loop was combined with a TT mismatch located 6 nt from the base of the loop-out, additional cleavage products were detected. Major fragments of 42 nt and 30 nt were derived from the 20-nt loop and the 8-nt loop heteroduplex, respectively (Fig. 2a, compare lanes 8, 16 and 20) . These sites mapped two nucleotides 3' from the mismatch (Figs, lc and I d ) . As usual in endonuclease VII digestions, the major cleavage sites were accompanied by a series of minor sites which mapped further to the 3' sides of the loopout or the TT mismatch. Cleavage 3' to the TT mismatch could reflect recognition of the 'true' mismatch, i.e. unpaired T-residues flanked by fully base-paired sequences, or of a loop-structure enlarged to include the unmatched T. The fact that the major cleavage site at nt 36 (which is between the loop-out and mismatch sites in Fig. lb and  lc) is used with equal efficiency in a mismatch-free and a mismatch-containing 20-nt loop-out substrate indicates, that the nucleotides flanking the loop are fully paired in both substrates.
Endonuclease VII cleavage in single-stranded loops
In contradiction to our earlier reports that 'true' single-stranded DNA is not a substrate for endonuclease VII, four cleavage sites were mapped within the singlestranded 20-nt loop. Fragments of 16, 17, 18 and 25 nt appear in Fig. 2a, lanes 5-8 and 13-16 ; the sites are summarized in Figs, lb and lc. The cleavages were not sequence-specific, and they did not appear in the 8-nt loop (Fig. 2a, lanes 17-20) even though its sequence is identical to the 5' 8 nt of the 20-nt loop (labelled: * in Fig. lb) where three of the four noncanonical cleavages were mapped. Cleavage of 'true' single-stranded DNA by endonuclease VII has never been seen before. We therefore synthesized a linear 20mer with the same sequence as the loop and treated it with endonuclease VII. As expected, this proved to be completely resistant to the enzyme (Fig. 2a, lanes 9-12) . Computer analysis of the hairpin (108mer) containing the 20-nt loop using the program "stem-loop" [University of Wisconsin Genetics Computer Group (UWGCG)] revealed 10 minor stem-loop structures which were too weak to be stable at 37°C. Nevertheless, one of the predicted stem bases coincided with one of the endonuclease VII cleavage sites (position 25 in Fig. lb) .
We therefore conclude that the integration of a singlestranded sequence into a loop-out structure can force secondary structures upon the otherwise single-stranded sequence, that are recognizable by endonuclease VII. The size of the loop (>8 nt in our example) as well as the surrounding nucleotides may contribute to the formation of these hypothesized structures.
Recent reports suggest that loops in synthetic stemloop structures can adopt a conformation described as base stacking (in B-conformation) followed by a sharp kink for a turn at the tip. 26 ' 27 There are presently no structural data available for larger loops, in particular not for the loop sizes described here. The results further emphasize the potency of endonuclease VII as a molecular tool in analyzing DNA secondary structures in presumably single-stranded DNA.
13 ' 15 
Endonuclease VII triggers repair of heteroduplex loops
We have shown earlier that combinations of T4 endonuclease VII, T4 DNA polymerase and T4 DNA ligase can mediate complete repair of a CC mismatch in heteroduplex DNA in the presence of rATP and dNTPs. Therefore, we wanted to see whether loop-outs are also subject to this repair in vitro. We tested 20-nt and 8-nt loop substrates under previously described conditions. 15 As shown in Fig. 3 , the 20-nt loop was precisely removed from the 108-nt heteroduplex hairpin, yielding an 88-nt product (108 minus 20; lanes [7] [8] . Reactions with endonuclease VII alone gave typical fragments of 36 nt, 25 figure (lanes 4-8) . Numbers to the right of the figure indicate fragments of diagnostic value. nt, 16 nt, 17 nt and 18 nt (Fig. 3, lane 3) . The addition of T4 DNA polymerase together with endonuclease VII, results in a 3' to 5' exonucleolytical degradation beginning with nt 36 at the major endonuclease VII cleavage site (Fig. 3, lane 4) . The exonuclease reaction is efficiently counteracted by the addition of dNTPs, which favors DNA synthesis (Fig. 3, lanes 5 and 6) . A new 16-nt fragment (labelled 16GA in Fig. 3, lanes 5 and 6) indicates resynthesis of the gap after removal of the loop. The fragment migrates between loop fragments 16CC and 17, because the loop 16mer differs from the repair 16mer at the two 3'-terminal nucleotides (GA vs. CC). This was verified using two 16mer oligonucleotides synthesized with GA or CC terminal dinucleotides (Fig. 2b, lanes 9 and  10) . The GA-16mer disappears after the addition of T4 DNA ligase, and the fully repaired 88-nt fragment accumulates on top of the gel. Fragments shorter than 6-nt migrating at the bottom of the gel derive from exonuclease stop sites, and they can not be further processed and used as primers for resynthesis since they have most likely lost contact with the template (Fig. 3 lanes 4-8) . A distinct fragment of 30 nt, visible in lanes 4-8 of Fig. 3 , signals a premature stop site for the exonuclease within the loop.
Some known endonuclease VII targets contain unpaired bases, for example single-strand overhangs, gaps, loopouts and some base-pair mismatches. Therefore, it was proposed that junction sites between paired and unpaired sequences trigger the enzyme. However, other targets such as four-arm junctions and curved DNA do not contain unstacked bases. The enzyme may thus recognize distortions in DNA that cause abrupt structural changes in the direction of the phosphate backbone such as kinks. This could also explain the finding that cleavage affects not only the strand with the loop in a heteroduplex but also the opposing non-looping strand.
In summary, these observations emphasize further the in vivo role of endonuclease VII as a repair-initiating enzyme that recognizes a wide variety of DNA secondary structures. 15 ' 28 The use of the enzyme in vitro for mapping mutations in heteroduplexes was recently reported. 29 
